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Abstract:
Components of the energy budget were measured continuously above a 300-year-old temperate mixed forest at the
Changbaishan site, northeastern China, from 1 January to 31 December 2003, as a part of the ChinaFlux programme. The
albedo values above the canopy were lower than most temperate forests, and the values for snow-covered canopy were over
50% higher than for the snow-free canopy. In winter, net radiation Rn was generally less than 5% of the summer value due
to high albedo and low incoming solar radiation. The annual mean latent heat LE was 37Ð5 W m2, accounting for 52% of
Rn. The maximum daily evaporation was about 4Ð6 mm day1 in summer. Over the year, the accumulated precipitation was
578 mm; this compares with 493 mm of evapotranspiration, which shows that more than 85% of water was returned to the
atmosphere through evapotranspiration. The LE was strongly affected by the transpiration activity and increased quickly as
the broadleaved trees began to foliate. The sensible heat H dropped at that time, although Rn increased. Consequently, the
seasonal variation in the Bowen ratio ˇ was clearly U-shaped, and the minimum value (0Ð1) occurred on a sunny day just
after rain, when most of the available energy was used for evapotranspiration. Negative ˇ values occurred occasionally in the
non-growing season as a result of intensive radiative cooling and the presence of water on the surface. The ˇ was very high
(up to 13Ð0) in snow-covered winter, when evapotranspiration was small due to low surface temperature and available soil
water. Vegetation phenology and soil moisture were the key variables controlling the available energy partitioning between H
and LE. Energy budget closure averaged better than 86% on a half-hourly basis, with slightly greater closure on a daily basis.
The degree of closure showed a dependence on friction velocity uŁ. Copyright  2006 John Wiley & Sons, Ltd.
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INTRODUCTION
The distribution and redistribution of solar energy in
forest ecosystems modulate various meteorological envi-
ronments (Betts et al., 1996; Ohta et al., 2001). For
example, the partitioning of energy fluxes above ecosys-
tems into sensible heat H and latent heat LE deter-
mines the water vapour and heat content of the atmo-
sphere and is critical in determining the hydrological
cycle, boundary layer development, and the regional-
or even global-scale climatological processes (Wilson
and Baldocchi, 2000). Because forest ecosystem types
vary significantly depending on tree species, site con-
ditions and the health status of trees, to understand the
dynamics of energy and water cycling better, as well as
to improve soil–vegetation–atmosphere transfer (SVAT)
models used in climate models, comprehensive knowl-
edge about the characteristics of the energy partitioning
in various forest ecosystems is needed (Running et al.,
1999; Baldocchi et al., 2001). Actually, many studies
have already been performed in the past, especially in
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boreal and temperate forest regions (Pomeroy and Dion,
1996; Tamai et al., 1998; Nakai et al., 1999; Suzuki
et al., 1999; Wilson and Baldocchi, 2000; Ohta et al.,
2001; Humphreys et al., 2003). Recent developments in
the eddy-covariance technique further allow long-term,
continuous measurements of energy and water vapour
fluxes to be made routinely (Aubinet et al., 2000; Baldoc-
chi, 2003). Based on this technique, the global network of
micrometeorological flux measurement sites FLUXNET
was established to measure the exchanges of carbon diox-
ide, water vapour and energy between the biosphere and
atmosphere.
The mixed broadleaved–pine forest is the dominant
forest type in northeast China, covering much of the
region and extending over 42–46 °N, 126–131 °E. Nev-
ertheless, no study of mass and energy exchanges on an
ecosystem scale had been conducted in this extensive
forest region until the initiation of the ChinaFlux pro-
gramme (an independent regional network of the global
FLUXNET network, established in 2003 based on the
standard measurement methodology of FLUXNET). The
mixed broadleaved–pine forest site (referred to as the
Changbaishan site), which is the first established flux
tower measurement site studying carbon dioxide, water
Copyright  2006 John Wiley & Sons, Ltd.
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vapour, and energy fluxes above forest in China, has
a special status in ChinaFlux and even in the global
FLUXNET network. The mixed broadleaved–pine for-
est in the Changbaishan region is an old-growth forest
about 300 years old, with the oldest tree being at least
450 years old according to tree-ring records. There are
few such old-growth mixed wood stands in the global
flux tower networks. Furthermore, unlike the extensive
studies of the carbon budget at various stages of for-
est development, there is little information about the
energy budget of forests at the late succession stage of
a mixed forest. Water vapour flux measurements have
been reported for relatively old coniferous forests, e.g. a
250-year-old Ponderosa pine site in the USA (Law et al.,
2001), whereas most other findings are derived from mea-
surements in young and mature forests, aged between 30
and 200 years. In addition, being in an advanced stage of
development, the mixed forest stand at the Changbaishan
site has a large leaf area index (LAI), with a maximum up
to 6Ð0. No more than 10 sites among over 80 forest flux
sites in the global flux observation networks have such a
large LAI according to the data provided by Wilson et al.
(2002a) and the global FLUXNET website. And finally,
the Changbaishan site has a long non-growing season,
with the study site being covered by snow from the end
of October until the end of early April. Though most
temperate forests also go through a snow-covered win-
ter, there have been far fewer investigations of the water
and energy exchange during this spell for these than for
those of boreal forests.
The facts mentioned above suggest that the long-term
study on energy partitioning in this mixed broadleaved–
pine forest is a necessary complement of the global
FLUXNET database, and it has significance for inter-
pretation and modelling of regional and global energy
and water cycles. Since 23 August 2002, above-canopy
carbon dioxide, water vapour and heat fluxes have been
measured uninterruptedly at the Changbaishan site, using
the eddy-covariance technique, as a part of the ChinaFlux
programme. This paper reports the first year-round obser-
vation results of energy components and water vapour
fluxes for 2003.
MATERIALS AND METHODS
Site description
The experimental site is located within the National
Natural Conservation Park of Changbai Mountain, in
the eastern part of Jilin Province, Northeastern China
(42°240900N, 128°504500E). The terrain surrounding the
tower is flat with an elevation of 738 m. The mixed forest
surrounding the tower has a homogeneous extension, as
can be seen from Figure 1. It extends for over 10 km to
both the south and west, and nearly 3 km and 0Ð5 km
to the north and east respectively. For more detailed
information and a locality map of this observation site,
see http://www.chinaflux.org.
Figure 1. A picture of the mixed broadleaved–pine forest and the 62 m
tall flux tower. Dark species in the background are Korean pine and light
grey species are broadleaved trees
The study site is located in a monsoon-influenced,
temperate, continental climatic zone. Its annual average
temperature is 3Ð5 °C and precipitation is 732 mm. The
surrounding site is vegetated with a 300-year-old mixed
stand of Korean pine (Pinus koraiensis), tuan linden
(Tilia amurensis), larch (Olgensis var.), mono maple
(Acer mono), Manchurian ash (Fraxinus mandshurica)
and other interspersed deciduous species. The mean
canopy height is about 26 m and its maximum LAI
is 6Ð0 m2 m2. The above-ground biomass storage is
336 Mg ha1. Stand stem density is 560 ha1 (stem
diameter >8 cm). The soil is classified as upland dark-
brown forest soil. The forest phenology during the
measurement is characterized by a growing season from
May to September. The canopy is frequently covered with
snow during the winter.
Eddy-covariance flux and supplementary measurements
An eddy-covariance system was installed on a 62 m
tall meteorological tower. Its sensors were placed on a
3 m boom located at 40 m (1Ð5 times tree height) above
the ground, to minimize flow distortion caused by the
tower structure. Components of the wind vector and
temperature were measured using a three-dimensional
sonic anemometer (CSAT3, Campbell Inc., USA). Water
vapour fluctuations were measured using an open-path,
infrared gas analyser (Li-7500, LiCor Inc., USA). The
sampling frequency was 10 Hz.
Soil heat flux was measured by two soil heat flux plates
buried at 5 cm below the soil surface. Soil temperatures
were measured at 0, 5, 20 and 50 cm below the surface
using thermocouple probes (105T, Campbell Inc., USA).
The upwelling and downwelling solar radiation fluxes and
the corresponding infrared radiation fluxes were mea-
sured simultaneously and separately with CNR-1 net
radiometers (Kipp & Zonen, Delft, Netherlands) above
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the forest canopy, therefore providing the four terms giv-
ing form to the radiation balance at the forest surface.
Downwelling solar radiation was also measured by a
CM11 pyranometer (Kipp & Zonen, Delft, Netherlands)
at 32 m height to verify the results of the CNR-1 mea-
surements. A precipitation gauge (52 203, Young, Tra-
verse City, MI, USA) was mounted on top of the tower.
Air temperature and relative humidity were measured
with HMP-45C sensors (Vaisala, Helsinki, Finland), with
sensors placed at 2Ð5, 16, 22, 26, 32, 40, 50 and 60 m.
Wind speed was measured at 2Ð5, 16, 22, 26, 32, 40,
50 and 60 m with A100R Anemometers (Vector Instru-
ments, Denbighshire, UK), and wind direction (W200P,
Vector Instruments, Denbighshire, UK) was measured at
60 m. The sampling frequency for the ancillary measure-
ment was 0Ð5 Hz. The 30-min averages were stored on a
data logger. LAI was measured using a canopy analyser
(Li2000, LiCor Inc., USA) along a 200 m transect in a
southwest direction from the tower.
Data processing
Horizontal flux divergence was neglected because of
the ideal condition of the surrounding site. Therefore, the
energy budget dynamics can be described by the surface
energy balance equation: Rn  G  S D H C LE. This
shows that the net radiation Rn is dissipated as sensible H,
latent heat LE, soil heat fluxes G and canopy heat storage
S. The values of H and LE were computed at 30 min
intervals with the mean covariance between vertical
velocity w0 and the respective scalar fluctuations (e.g.
water vapour and temperature) according to ‘Reynolds’
decomposition (Baldocchi et al., 1988). Positive flux
densities represent heat and water vapour transfer away
from the surface and negative values denote the reverse.
G measured at 5 cm below the soil surface was
corrected for heat storage above the flux plates:
G D G5 C Cv dTsdt dZ
where Cv (J m3 K1) is the volumetric heat capacity of
the soil bulk above the heat flux plate, dTs is the soil
temperature difference in the time interval dt (30 min for
this experiment), and dZ is the depth of the soil heat flux
plate.
S was calculated using an empirical relationship that
uses the rate of change of air temperature Ta between suc-
cessive half-hours at the eddy-covariance sensor height,
as shown below:
S D 16Ð2Ta/t C 1Ð51
This equation has been used in several studies (Blanken
et al., 1998; Arain et al., 2003). In this paper, the slope
of the above equation has been adjusted proportionally to
account for the large stand biomass at the Changbaishan
site.
The coordinates of the wind vector were rotated to
force the average vertical wind speed to zero and to
align the horizontal wind to mean wind streamlines,
according to Wilczak et al. (2001). Comparison of rotated
and non-rotated fluxes showed small differences (<2%).
Webb–Pearman–Leuning corrections were applied fol-
lowing Webb et al. (1980). The results showed that the
corrected LE values were usually on the order of 2–8%
of raw fluxes. To compensate for the underestimation
caused by frequency response limitations when the air
becomes stably stratified during the night, the spectral
correction schemes described by Moore (1986) were used
to retrieve the underestimation caused by sensor line-
averaging, spatial separation and high-frequency losses.
The results indicated that the correction of H ranged from
2 to 16%, and LE ranged from 4 to 40%. More details
about these correction processes and results have been
described by Wu et al. (2005). Owing to power failure,
sensor calibration and maintenance, spikes and gaps in
the archived data are inevitable. After testing for station-
arity and integral turbulence statistics following Foken
and Wichura (1996), the data coverage was about 86%
(on a half-hour basis). Small gaps were filled using linear
interpolation. In rare instances when more than 25% of
the data were missing on an individual day, the missing H
and LE were estimated using the Bowen ratio calculated
from the results of 32 and 50 m air temperature–relative
humidity measurements.
RESULTS AND DISCUSSION
Climate and vegetation phenology
The annual courses of LAI, daily-mean values of Ta,
volumetric soil water content Ws and precipitation P for
2003 are shown in Figure 2. The foliages of hardwood
emerged in early May. The LAI reached a maximum
value of about 5Ð8 m2 m2 during July. The broadleaved
trees began to fall in middle September, and only
partial pine needle stayed on the tree in early October.
Climatic conditions during 2003 were remarkably warmer
(C1Ð5 °C) and drier (154 mm) than the 23-year-average
(1980–2002) recorded at this site (3Ð5 °C and 732 mm).
Synoptic-scale variations in Ta were stronger during the
winter months, showing more than 10 °C change over
a few days. Monthly average Ta reached a minimum
in January and peaked in July. There was 578 mm of
precipitation for the year, including 94 mm (water depth
equivalent) falling as snow during winter. The rainfall
was centred largely in July (about 40% of the total
rainfall in 2003). The warmer conditions were mainly
attributed to there being less rain in the summer. The
magnitude of precipitation in August was much lower
than normal, which resulted in a significant decrease
in the August–September volumetric soil water content.
During the measuring period, the most frequent daytime
wind direction by far was from the southwest, and winds
from the northeast were infrequent. At night, neutral
or stable atmospheric stratification prevailed, whereas
neutral or unstable conditions were typically observed
during the daytime. Of the 8141 30-min averages with
Rn > 10 analysed only 423 were classified as stable or
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Figure 2. The annual course of forest phenology and the meteorological
conditions at the Changbaishan site for 2003: (a) LAI was measured with
7–10 days interval; (b) air temperature Ta was measured at a height
of 32 m; (c) soil water content Ws (volume of water/volume of soil)
was measured at a depth of 5 cm using time-domain reflectometry;
(d) cumulative precipitation P (including 94 mm falling as snow) was
measured with a rain gauge
very stable. According to the results of the footprint
analysis, 76% of the cumulative latent flux comes from
the northwest and southwest for neutral or unstable
conditions and the main source area is located in the range
of 100–400 m southwest; only 3% flux information was
from >500 m southeast.
Albedo
Albedo is a key parameter in SVAT models (Kucharik
et al., 2000). It has significant implications for simulated
surface temperature, and hence turbulent heat fluxes.
The studies on winter forest albedo have a positive
impact on weather and climate models. In the past,
meteorological forecasting models assumed that albedo
over snow-covered forests ranged between 0Ð6 and 0Ð8
(Thomas and Roundtree, 1992; Betts and Ball, 1997).
This inaccurate parameterization has resulted in severe
underestimation of forecasted air temperatures (Betts
et al., 1998). Figure 3 shows the seasonal course of the
albedo as a ratio of the daily sum of upwelling shortwave
radiation to the daily sum of downwelling shortwave
radiation for 2003.
The albedo showed pronounced seasonal trends and its
values ranged from 0Ð07 to 0Ð20 annually. The averaged
daily albedo was 0Ð13 on a yearly basis. The typical
daily albedo values were 0Ð11–0Ð14 over the growing
season and 0Ð13–0Ð18 over the snow season, and for
the snow-free non-growing season the typical values
were 0Ð07–0Ð12. Albedo values for the snow-covered
canopy were over 50% higher than for the snow-free
canopy during the non-growing season. There was a sharp
decrease in albedo following snowmelt in early March.
The lowest values were observed in April as the snow
disappeared. This is partly due to the snow-free canopy
surface and dark colour of the forest floor in the non-
growing season. Wet soil after thaw leading to a decrease
in the surface albedo (Jackson et al., 1976) is another
important factor. Next, the albedo rapidly increased to a
new maximum (0Ð17) in early June; this was ascribed to
the high reflectance from new leaves in the sprouting
season. During June to September, albedo showed a
consistently slow decrease, and also varied moderately
with cloudiness. This could be attributed to the increased
leaf darkness with leaf development, as well as by
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Figure 3. The seasonal course of the mean daily values of albedo
calculated as the ratios of the daily upwelling and downwelling radiation
fluxes for the mixed forest at the Changbaishan site, 2003
Copyright  2006 John Wiley & Sons, Ltd. Hydrol. Process. 21, 2425–2434 (2007)
DOI: 10.1002/hyp
ENERGY BUDGET ABOVE A TEMPERATE MIXED FOREST 2429
continuing growth of foliage trapping more radiation via
multiple reflections inside the forest. And clouds exert
an important influence on the surface albedo through
scattering and absorption of both solar and terrestrial
radiation. In October, the value of albedo dropped when
deciduous plants defoliated, and then increased again
after snowfall.
The albedo showed very high values on several days
in the winter, the maximum value being 0Ð20. This
coincided well with the records of days that the canopy
was covered with snow. This suggested that the snow-
covered trees have an impact on the albedo directly
through reflecting solar radiation. During the spring
thaw, the albedo decreased as snow depth decreased and
reached a minimum value after the snow disappeared.
Because the value of albedo for fresh snow-covered
ground can exceed 0Ð8 (Arain et al., 2003), the albedo
of the forest ecosystem is highly dependent on the area
fraction of snow-covered canopy and floor. Thus, we can
conclude that snow has a considerable influence on the
albedo of a forest stand. Pomeroy and Dion (1996) found
that variation in the albedo was influenced more by the
solar angle than by the intercepting snow in the canopy
of a boreal pine forest during winter. The reason for
this is probably due to the canopy structure difference
between mixed forest (multi-orientation) and jack pine
forest (approximately horizontal orientation).
Albedo is a complicated parameter influenced by many
factors, such as cloud cover, solar elevation angles, snow,
forest type, wetness of soil, etc. (Suzuki et al., 1999;
Kalma et al., 2000). For example, the albedo of a conifer
forest is lower than that of broadleaved forests (Betts and
Ball, 1997) because of the relatively large aerodynamic
roughness. A lesser aerodynamic roughness of the canopy
surface is associated with less absorption of radiation
and greater reflection at low sun angles and, therefore,
greater albedo. A study even found that the albedo above
an ash forest was about twice as high as that above a
fir forest (Ohta et al., 1999). Figure 3 shows a similar
course and magnitude of albedo to a mixed hardwood
forest in the mid-western USA (Schmid et al., 2000).
However, in general, the albedo values above the canopy
were lower than those of most temperate forests, both
for broadleaved (averaged 0Ð18) and coniferous forests
(averaged 0Ð15), even when the mixed forest stand had no
foliage and the forest floor was snow covered (Lee, 1980).
A relatively high forest density (maximum LAI D 6Ð0)
may be a key variable that modulates the low albedo
at the Changbaishan site, because the albedo values
decreased as the forest density increased (Suzuki et al.,
1999).
Daily variation of energy budget components
Figure 4 shows the 7-day mean values of energy
budget components on typical summer days (11–17
August 2003). During daytime, Rn averaged 351 W m2,
and most of it was used in evapotranspiration, which
averaged 206 W m2. The average value of H was
105 W m2, which is approximately half of LE. During
night-time, Rn averaged 75 W m2, which was mostly
supplied by downward H from the atmosphere. LE was
a small component at night and its value was always
around zero.
The canopy heat storage S showed an early morning
increase starting from 06 : 00, reaching a maximum at
about 10 : 00. Canopy heat storage became negative from
late afternoon, and reached its most negative value at
about 20 : 00. The ratio of S to Rn typically ranged from
6 to C25% on a half-hour basis. As expected, on a
daily basis, the accumulated S was close to zero. The
magnitude of G was slightly smaller than S. The ratio of
total G to the amount of total Rn averaged no more than
5% in the growing season.
Seasonal variation of energy budget components and
evaporation
Annual courses of energy budget components are
shown in Figure 5. The Rn was highly variable due to
weather variations. It ranged from 35 to C197 W m2
on a daily average basis. The annual average Rn was
72Ð1 W m2; the minimum of the monthly average was
in December and the maximum was in June, with val-
ues of around 5Ð8 W m2 and 127 W m2 respectively.
In the winter months, Rn was usually less than 5%
of that of the summer months. High albedo of snow-
covered canopy and ground, as mentioned above, as well
as low values of incoming radiation in winter (aver-
age 105 W m2 in contrast to summer values of up to
200 W m2, caused by low solar elevation angles), were
the main reasons for low Rn. With increasing solar eleva-
tion angles during spring, Rn increased considerably. The
peak of daily total energy gain was observed on 21 July,
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Figure 4. The 7-day average diurnal courses of (a) net radiation Rn,
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heat storage S for 11–17 August 2003
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with the accumulated Rn reaching 4700 W m2. How-
ever, owing to abundant cloud cover and precipitation in
July (total 231 mm in 13 rainy days), its monthly aver-
age Rn intensity was less than the corresponding values
in both August and June. Following the onset of defolia-
tion, a clear decreasing trend for Rn was observed. During
the winter, the daily total Rn was negative occasionally,
which indicates that the forest can act as a heat source to
the atmosphere.
A large part of the available energy was converted
to H in winter, especially on snow-covered days. The
daily mean H varied between 23 and C103 W m2
on a yearly time-scale. High values were obtained in
the early spring (later April–early May) and low values
in winter (when Rn was negative), which suggests that
there was a strong association between H and Rn in the
non-growing season. When this forest began to foliate
in spring, a large drop in H was observed (63 to
40 W m2 on a weekly basis), in spite of increasing
Rn. LE increased rapidly by a factor of three (20 to
over 60 W m2 on a weekly basis) at the same time,
which suggests that the LE was strongly affected by the
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Figure 5. Annual courses of 7-day (a) mean Rn, (b) sensible heat H and
latent heat LE, and (c) G for the mixed forest at the Changbaishan site,
2003
transpiration activity of the vegetation. Accordingly, LE
was the dominant turbulent flux throughout the growing
season, and most of the Rn was used in LE. The daily
mean values of LE ranged from nearly 0 to >130 W m2
over the year. The LE in July was generally larger
than in June, and its peak occurred at the beginning
of July, despite the monthly mean Rn intensity being
greatest in June. This was due to the high soil moisture
content in July (average 0Ð37 m3 m3, compared with
0Ð23 m3 m3 in June), which provided an abundance of
water for active forest evapotranspiration. The maximum
daily evapotranspiration was about 4Ð6 mm day1 in
summer, and the typical values of evapotranspiration
were 0Ð1–0Ð25 mm day1 in winter. Over the year, the
accumulated precipitation was 578 mm; this compared
with 493 mm of evapotranspiration, which showed that
more than 85% of water was returned to the atmosphere
through evapotranspiration. This value is lower than other
major types of Chinese forest (Wei et al., 2005). One
reason is that the mixed broadleaved forest region in
this study was in the relatively cool northeast of China.
Another reason is that the precipitation in 2003 was
significantly lower than the normal, which resulted in a
deficit of soil water for evapotranspiration, especially in
the late summer.
Besides soil moisture and Rn, vegetation phenology
is another variable that modulates LE transformation.
As shown in Figures 5b and 2, the radical changes in
LE in early May and late September coincided well
with leaf emergence and senescence, rather than with
Rn. Hence, we can conclude that, over the year, the
magnitude and distribution of LE and H fluxes were
controlled by seasonal changes in available radiation, soil
moisture, and vegetation activity. The study of Nakai
et al. (1999) on a coniferous forest found that, when
the canopy was covered with snow, the upward latent
heat flux was the largest energy component. The reason
for this is probably that the air temperature (around
5 °C) and canopy temperature (approximately 0 °C) at
that coniferous forest site was markedly higher than at the
Changbaishan site (both averaged below 10 °C), so that
the high moisture availability when snow melted led to
a high evaporation rate. This explanation is supported by
Figure 5b, as there is a significant increase in LE during
late March to late April, when liquid water was available
due to thawing, though almost no tree transpiration has
occurred.
More than 90% of Rn was lost as H and LE, which
suggests that the contribution of G and S was very
small. Figure 5c shows the annual course of the 7-day
average G. The daily mean G ranged roughly from 8 to
>22 W m2 on a yearly basis. During the winter months,
G was always negative and the soil was cooling down.
During the summer, G was positive, meaning that the
soil was warming up. The highest positive values were
observed in early spring, due to the bare forest floor free
from snow and canopy insulation, as well as the large soil
energy budget gap caused by heat losses over the entire
winter. Then, as a result of canopy shading, G decreased
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slowly following the increase in LAI. G was relatively
small and its values were only around 5–10% of Rn, but
it is advisable to take the G component into account when
discussing the energy budget issue.
Bowen ratio
The Bowen ratio ˇ provides information on the parti-
tioning of Rn into H and LE exchange. Figure 6 shows
the annual course of ˇ for the study site. It was calcu-
lated as the ratio H/LE using daily total fluxes. During the
non-growing season, the values of ˇ changed radically,
ranging from 1Ð5 to C13Ð0. The largest values of ˇ were
recorded in February, when evapotranspiration was small
due to low surface temperature (19Ð3 °C) and there was
little available liquid water under the snowpack. Negative
ˇ values were observed occasionally in the non-growing
season as a result of intense radiative cooling and con-
densation. In both instances, stable thermal stratification
is associated with the downward transfer of sensible heat.
During the growing season, ˇ changed evenly, with
values ranging from 0Ð1 to 1Ð7; the mean ˇ was approx-
imately 0Ð5. The minimum magnitude of ˇ (0Ð1) was
observed on a sunny day just after rain, when most of
available energy was used for evapotranspiration for the
wet canopy and the wet ground. This suggests that ˇ
is much lower on a wet day because there is more soil
moisture available for both bare soil evaporation and veg-
etation transpiration than when the soil is dry. The mean
ˇ changed from a mean value of 0Ð39 in the wet July to
a value of 0Ð70 in the arid August. Kelliher et al. (1994)
showed that the mean ˇ value above a forest canopy in
Siberia was more than 1Ð0 during the summer. This sug-
gests that, in cold regions, more of the available energy
above the forest canopy was partitioned to H than to LE.
The differences between these two studies are due to the
distinct climatic conditions, soil moisture and vegetation
types. And among them, the air temperature should be a
key factor, because evapotranspiration activity is limited
when the air temperature decreases (Suzuki et al., 1999).
The emergence of leaves in spring caused ˇ to drop
rapidly. On the other hand, leaf senescence in autumn
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Figure 6. Annual course of Bowen ratio ˇ for temperate mixed forest at
the Changbaishan site
increased the ˇ values markedly. Similar rapid and
extreme changes in ˇ due to leaf emergence have also
been observed in a deciduous forest in Massachusetts,
USA (Moore et al., 1996). Consequently, the seasonal
variation in ˇ was ‘U’ shaped. This similar course in
variation of ˇ has also been reported for forests in many
published studies (Sellers et al., 1995; Baldocchi and
Vogel, 1996; Moore et al., 1996). The annual average
ˇ was 0Ð74, which indicates that LE was the largest
component of the energy budget on a yearly time-scale.
This was similar to a broadleaved temperate deciduous
forest in North America, where a study showed that ˇ
ranged from 0Ð68 to 0Ð78 over three observation years
(Wilson and Baldocchi, 2000). However, the ˇ value
at the mixed broadleaved–pine forest was generally
high compared with those in other temperate deciduous
forests, and even higher than most temperate coniferous
forests, which typically had a high ˇ value (Wilson et al.,
2002b). For example, the mean annual ˇ for a temperate
deciduous forest in south-central Indiana, USA, was 0Ð59
(Oliphant et al., 2004). This may be ascribed to the long
non-growing seasons at the Changbaishan site, as well as
to the dry condition in 2003.
Energy budget closure characteristics
According to the first law of thermodynamics, the
energy budget of a forest ecosystem should be bal-
anced. However, no closure is a common feature for
eddy-covariance measurements, particularly over forested
sites (Wilson et al., 2002a). When systematic overesti-
mation of net radiation is excluded, energy budget clo-
sure becomes a basic prerequisite to test the validity
of turbulent flux measurements (Aubinet et al., 2001).
Table I gives the results of energy budget closure deter-
mined by the linear regression method following Wilson
and Baldocchi (2000), using the sum of turbulent fluxes
LE C H, relative to the available energy Rn  G  S,
for 30 min and daily total fluxes. This shows that the
energy budget closure (86%) on a 30 min basis is reason-
ably satisfactory when compared with the average value
(80%) for 50 site-years reported in Wilson et al. (2002a).
Closure was slightly improved on a daily basis, and aver-
aged better than 90%. Nevertheless, there was still a big
closure gap for daily total energy budget, which indi-
cates that the rough estimation of S in this paper cannot
be responsible for the imbalance of the energy budget.
Low friction velocity uŁ conditions are often indica-
tive of poorly developed turbulence. When turbulence
Table I. Characteristics of energy budget closure (LE C H)
versus (Rn  G  S) at the Changbaishan site
Data set (time-scale) n Slope Intercept R2
Entire (30 min) 13 370 0Ð86 1Ð5 0Ð87
Winter (30 min) 5 507 0Ð89 8Ð9 0Ð85
Summer (30 min) 4 671 0Ð83 2Ð8 0Ð87
Night (30 min) 6 152 0Ð77 13Ð4 0Ð82
Entire (1 day) 319 0Ð91 10Ð3 0Ð90
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Figure 7. Half-hourly energy budget closure as a function of (a) turbulent fluxes LE C H and (b) friction velocity uŁ at the Changbaishan site for
2003. n D 13 370. Closure ratio was determined by the linear regression method, using 30 min turbulent fluxes LE C H, relative to the available
energy (Rn  G  S)
is inactive, the eddy-covariance methods are prone to
underestimate the true convective exchange, contributing
to an imbalance of the energy budget. Thus, the energy
budget closure showed a dependence on uŁ, i.e. the clo-
sure improved when turbulent intensity increased. This
conclusion is reinforced by the relation between energy
budget closure and turbulent fluxes (Figure 7a), as well
as uŁ (Figure 7b). The relation described by Figure 7a
was also reported by Oliphant et al. (2004), illustrat-
ing that rapid decrease of closure occurs when the sums
of the turbulent fluxes are close to zero. This suggests
that the imbalance mostly occurs during night-time and
during the transition period of day and night, when H
and LE are generally small or have a reverse trans-
fer direction. Figure 7b shows that the energy budget
closure increased with increasing uŁ values. When uŁ
values increase from 0 to 0Ð4 m s1, a rapid increase
of closure occurs; but, when uŁ increases again, closure
increases to an asymptotic maximum. We obtained a good
energy budget closure of over 93% when uŁ exceeded
0Ð6 m s1, but it was still lacking total closure even
with a larger uŁ value. The dependence of energy bud-
get closure on uŁ explains why energy balance closure
was slightly better in the winter (89%) than in summer
(83%): because turbulence intensity was higher in win-
ter. It also explained the lower degree of closure (77%)
during the night, which was characterized by low uŁ
(<0Ð4 m s1).
The possible causes for the lack of energy budget
balance are: (i) mismatch in source areas for the terms
in the energy balance equation; (ii) systematic under-
estimation by eddy-covariance instrumentation; (iii) the
loss of low- and/or high-frequency contributions to tur-
bulent fluxes; (iv) neglected storage of energy below
the canopy. A small improvement in closure using the
longer period, but still non-closure on a daily basis, indi-
cates that there are some other mechanisms that cause an
underestimation of turbulent fluxes, in addition to those
mentioned above. Lee (1998) reported a positive corre-
lation between closure gap and mean vertical velocity w
derived from eddy-covariance measurements, and sug-
gested that vertical advection accounts for a majority
of closure gaps in forests. Moreover, Lee et al. (2004)
pointed out that regional and local advection could also
cause the systematic underestimation of turbulent fluxes.
Though many studies have confirmed Lee et al.’s view-
points, there are still uncertainties about whether advec-
tion can fully explain the energy budget gap, because it is
a big challenge to evaluate the non-turbulent transforma-
tion fluxes quantitatively (which requires measurement of
the mean vertical and horizontal gradients of air temper-
ature and humidity, as well as an accurate estimation of
the mean vertical velocity). Given that the mechanism
of non-closure is not clear, scale-up correction (forc-
ing energy budget closure) was not made to turbulent
fluxes in this paper, to avoid introducing new uncer-
tainties for eddy-covariance measurement (Massman and
Lee, 2002).
SUMMARY AND CONCLUSIONS
The albedo showed pronounced seasonal trends and its
values ranged from 0Ð07 to 0Ð20. The mean annual albedo
was 0Ð13. Albedo for the snow-covered canopy was over
50% higher than for the snow-free canopy during the
non-growing season. During the spring thaw, the albedo
above the forest decreased as snow depth decreased and
reached a minimum value after the snow disappeared. In
the winter months, Rn was less than 5% of that in the
summer months due to high albedo and low incoming
radiation. The sum of H, LE and G roughly accounted
for 90% of Rn. Latent heat was the largest component of
the energy budget on a yearly time-scale, and was about
30% greater than sensible heat as indicated by the annual
Bowen ratio ˇ values. The maximum daily evaporation
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was about 4Ð6 mm day1 in summer. The annual accu-
mulated evapotranspiration was 493 mm, which shows
that more than 85% of water was returned to the atmo-
sphere through evapotranspiration. The magnitudes and
directions of energy budget components were highly
dependent on available energy, soil moisture and veg-
etation activity. The daily G was usually on the order of
5–10% Rn. The highest G values were recorded in early
spring, which were associated with bare forest floor free
from snow, as well as the large soil energy deficit during
the winter.
The daily ˇ ranged from 1Ð5 to C13Ð0 on a yearly
time-scale, and the annual ˇ averaged 0Ð74. The LE
was strongly affected by the transpiration activity of the
mixed forest and increased quickly as the broadleaved
trees began to foliate. The H dropped at that time,
although the net all-wave radiation increased. Conse-
quently, the seasonal variation in ˇ was clearly U-shaped,
and the minimum value (0Ð1) occurred on a sunny day
just after rain, when most of available energy was used
for evapotranspiration for the wet canopy and the wet
ground. Negative ˇ values occurred occasionally in non-
growing season as a result of intensive radiative cool-
ing and the presence of water on the surface. The ˇ
values were highest in snow-covered winter; the max-
imum was recorded in February, when evapotranspira-
tion was small due to low surface temperature and low
available soil water under the snowpack. Energy bud-
get closure averaged better than 86% on a half-hourly
basis, with slightly greater closure on a daily basis.
The degree of energy closure showed a dependence on
uŁ. The closure was better at uŁ values greater than
0Ð6 m s1. Despite the energy budget gap, the eddy-
covariance method should be a sound tool for mea-
surement of turbulent fluxes, even under extremely cold
conditions.
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